Cytochrome c oxidase (COX) is the terminal enzyme of the electron transport chain composed of 13 subunits; three are mitochondria-encoded, and 10 are nucleus-inscribed on nine different chromosomes within the mammalian genome. The transcriptional regulation of such a multisubunit, multichromosomal, and bigenomic enzyme is mechanistically challenging. Transcription factories have been proposed as one mechanism by which genes from different genomic loci congregate to transcribe functionally related genes, and chromosome conformation capture (3C) is a means by which such interactions can be revealed. Thus far, however, only loci from the same chromosome or at most two chromosomes have been co-localized by 3C. The present study used 3C to test our hypothesis that not only the 10 genomic loci from nine chromosomes encoding the 10 nuclear subunits of COX, but also genes from three chromosomes encoding mitochondrial transcription factors A and B (Tfam, Tfb1m, and Tfb2m) critical for the transcription of the three mitochondria-encoded COX subunit genes all occupy common intranuclear sites in the murine neuronal nuclei. The pairing of various COX subunit genes and Tf genes indicates that interactions are present among all of them. On the other hand, genes for a non-mitochondrial protein (calreticulin) as well as a mitochondrial enzyme (citrate synthase) did not interact with COX genes. Furthermore, interactions between COX subunit and Tf genes were up-regulated by depolarizing stimulation and down-regulated by impulse blockade in primary neurons. Thus, a viable mechanism is in place for a synchronized, coordinated transcriptional regulation of this multisubunit, bigenomic COX enzyme in neurons.
Cytochrome c oxidase (COX) is the terminal enzyme of the electron transport chain composed of 13 subunits; three are mitochondria-encoded, and 10 are nucleus-inscribed on nine different chromosomes within the mammalian genome. The transcriptional regulation of such a multisubunit, multichromosomal, and bigenomic enzyme is mechanistically challenging. Transcription factories have been proposed as one mechanism by which genes from different genomic loci congregate to transcribe functionally related genes, and chromosome conformation capture (3C) is a means by which such interactions can be revealed. Thus far, however, only loci from the same chromosome or at most two chromosomes have been co-localized by 3C. The present study used 3C to test our hypothesis that not only the 10 genomic loci from nine chromosomes encoding the 10 nuclear subunits of COX, but also genes from three chromosomes encoding mitochondrial transcription factors A and B (Tfam, Tfb1m, and Tfb2m) critical for the transcription of the three mitochondria-encoded COX subunit genes all occupy common intranuclear sites in the murine neuronal nuclei. The pairing of various COX subunit genes and Tf genes indicates that interactions are present among all of them. On the other hand, genes for a non-mitochondrial protein (calreticulin) as well as a mitochondrial enzyme (citrate synthase) did not interact with COX genes. Furthermore, interactions between COX subunit and Tf genes were up-regulated by depolarizing stimulation and down-regulated by impulse blockade in primary neurons. Thus, a viable mechanism is in place for a synchronized, coordinated transcriptional regulation of this multisubunit, bigenomic COX enzyme in neurons.
Cytochrome c oxidase (COX) 2 or complex IV of the mitochondrial electron transport chain is made up of three subunits encoded in the mitochondrial genome and 10 nucleus-encoded subunits located on nine different chromosomes (1-3). The 10 nucleus-encoded COX subunits are 4, 5a, 5b, 6a, 6b, 6c, 7a, 7b, 7c , and 8a. Subunits 4, 6a, 6b, 7a , and 8a each has a ubiquitous isoform and a tissue-specific isoform. Transcription of all ubiquitously expressed subunits in neurons are coordinately regulated according to the cell's ATP requirement (4) . Transcriptional regulators of COX in rats, mice, and humans include NRF-1 and NRF-2 (nuclear respiratory factors 1 and 2) (5-8).
In particular, both NRF-1 and NRF-2 activate the transcription of all 10 nucleus-encoded COX subunits and modulate the level of transcription in response to changing cellular energy demands in neurons (9 -14) . Additionally, NRF-1 and NRF-2 indirectly activate the three mitochondria-encoded COX subunit genes by regulating Tfam, Tfb1m, and Tfb2m (mitochondrial transcription factors A, B1, and B2) critical for mitochondrial DNA transcription and replication (15) (16) (17) (18) . Transcriptional coactivators, such as PGC-1␣ (peroxisome proliferator-activated receptor ␥-coactivator 1␣) (19, 20) , also play an important role in stimulating COX transcription in the presence of upstream signals in neurons (5, 21, 22) . Thus, regulation of these 13 COX subunits has been credited to a small set of transcription factors and coactivators (21) . Nevertheless, it remains unknown if all 10 nuclear subunits and mitochondrial transcription factors from different chromosomes are transcribed simultaneously within the nucleus. Such a synchronous process would enhance the efficiency of coordination as well as ensure that the 1:1 stoichiometry of the 13 subunits in the holoenzyme is maintained.
Transcription of nuclear genes is known to occur in discrete sites within the nucleus. Known as transcription factories, these sites of active transcription are thought to contain several RNA polymerase II molecules surrounded by transcription factors and loops of specific chromatin encoding actively expressing genes (23) (24) (25) . Furthermore, loci on one or two different chromosomes seem to co-localize to the same transcription factory (26 -28) . Such long range interactions among the genes can be studied using chromosome conformation capture (3C), a recently developed technique that can convert chromatin conformation and physical interactions in vivo into a specific ligation product demonstrable with PCR (29, 30) . However, only loci from the same chromosome or at most two chromosomes have thus far been co-localized by 3C.
The present study employed 3C to test our hypothesis that all 10 nuclear subunits of COX encoded on nine different chromosomes as well as Tfam, Tfb1m, and Tfb2m genes, located on three chromosomes and vital for the transcription of the three mitochondria-encoded COX subunit genes, all reside in the same intranuclear locale in neuronal nuclei. Pairing of various COX subunit genes and mitochondrial transcription factor genes indicates physical interactions among all of them. Thus, our results are consistent with a viable mechanism by which multiple subunit-coding genes from different chromosomes as well as transcription factor genes are simultaneously recruited to a common transcription factory for the coordinated expression of a multisubunit, multichromosomal bigenomic enzyme in neurons.
EXPERIMENTAL PROCEDURES
In Silico Analysis of Mouse COX Subunit Gene SequenceGenomic sequence of the 10 murine nucleus-encoded COX subunit genes, including chromosomal positions and surrounding non-coding sequences, were obtained from the mouse genome data base (3) . Each COX subunit gene was independently verified by comparing coding sequence with known COX cDNA sequence and confirming the presence of intronexon structure. DNA sequence corresponding to each COX gene and its surrounding 10,000-bp region was analyzed for the presence of BglII restriction sites.
Cell Culture-Mouse N2a neuroblastoma cells (ATCC, Manassaa, VA) were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT). Cells were passaged every 2-3 days and harvested at 80 -90% confluence for 3C experiments.
Primary Cortical Neuronal Cultures and Treatment with KCl or TTX-All experiments were carried out in accordance with National Institutes of Health guidelines (43) and Medical College of Wisconsin regulations. All efforts were made to minimize the number of animals and their suffering.
Primary visual cortical neurons were prepared as described previously (9) . Briefly, 1-2-day-old Sprague-Dawley rat pups were anesthetized with CO 2 and killed by decapitation. The brains were removed and cleansed of meninges and surface blood vessels, and the cortices were dissected, trypsinized, and triturated to dissociate individual neurons. Cells were plated onto a poly-L-lysine (Sigma)-coated 100-mm dish at a density of ϳ5 ϫ 10 6 cells/ml in Dulbecco's minimal essential medium (Invitrogen) with 10% fetal bovine serum (Hyclone) for 3 h. The medium was changed to neurobasal/B27 supplement (Invitrogen), and cultures were maintained at 37°C with 5% CO 2 in a humidified incubator. Cytosine arabinoside (Sigma) was added on the second day of plating neurons to inhibit the replication of non-neuronal cells. Neuronal cultures were maintained by replacing half of the medium every 5 days. Cells were cultured for 7-15 days before exposure to 20 mM KCl for 5 h. TTX (Sigma) at a final concentration of 0.4 M was added to the culture medium from the 12th day after plating. Cultures were exposed to TTX for 3 days. All cells were harvested on the same day for each experiment, and 3C samples were prepared for each group.
Control cultures were neither depolarized with KCl nor inactivated by TTX. Real time quantitative PCRs were carried out in a Cepheid Smart Cycler detection system (Cepheid, Sunnyvale, CA). SyBr Green (Biowhittaker Molecular Application, Rockland, ME) and EX Taq real time quantitative PCR hot start polymerase (Takara Mirus Bio, Madison, WI) were used following the manufacturer's protocols and as described previously (11) .
Chromosome Conformation Capture-3C experiments were performed as described previously (31) with minor modifications. Briefly, N2a cells and primary neurons were harvested by trypsinization and resuspended in fresh culture medium with 10% fetal bovine serum. To cross-link chromatin, 1 ϫ 10 7 N2a cells or 5 ϫ 10 6 primary neurons in 10 ml of cell culture medium were treated with 2% formaldehyde for 10 min at room temperature. Cross-linking was stopped by quenching with 0.125 M glycine for 5 min at room temperature. Nuclei were isolated by incubating cells in a lysis buffer (10 mM Tris, pH 8.0, 10 mM NaCl, 0.2% Nonidet P-40) on ice with agitation for 30 min. Chromatin was subsequently released by treating isolated nuclei with 0.3% SDS and digested with 400 units of BglII (Fermentas, Hanover, MD) overnight. Afterward, restriction enzyme was heat-inactivated, and chromatin was diluted in T4 ligation buffer to achieve a low genomic DNA concentration of 2.5 ng/l to facilitate intermolecular religation. Chromatin religation was performed by incubating diluted chromatin with 100 Weiss units of T4 ligase (Fermentas) for 4 h at 16°C. Following RNase A (Roche Applied Science) digestion to remove RNA contaminant, the 3C chromatin was purified by phenol/ chloroform extraction.
Generation of Control Templates-To generate individual PCR template controls for comparison with 3C product, all 10 COX subunit genes were paired, as were the pairing of other genes or gene loci, as shown in the control lanes (left columns) of Figs. 1-3. For example, to generate the control template for COX4i1/COX5a, we used PCR to amplify the regions spanning a single BglII site of interest with 100 -150 bp on either side for each subunit gene. Approximately 30 g of each PCR product were digested with 300 units of BglII overnight at 37°C. DNA was extracted using phenol chloroform and ethanol precipitation. Equimolar amounts of digested product (COX4i1 and COX5a) were ligated at a high concentration (ϳ10 ng/l for each product) to ensure formation of intermolecular crosslinked product. One primer of a given restriction fragment (COX4i1) was combined with a primer of a second (COX5a) in all pairwise combinations of ligated orientations (e.g. forward primer of COX4i1 with forward primer of COX5a, reverse primer of COX4i1 with forward primer of COX5a, etc.). For all other pairing of COX genes, the same steps were used to generate a large number of pairings among subunits and were used as control templates for comparison with 3C samples. The final chosen control template for each pairing had the same orientation as the 3C-generated product. By comparing the signals obtained by quantitative PCR for the 3C cross-linked templates versus the control templates, we corrected for the differences in amplification efficiency between primer sets and also for differences in signal intensities due to the size of the PCR products (since all of the primers were designed to give PCR products of 150 -300 bp) (supplemental Table 1 ). All primers were designed to have an annealing temperature of 58 -60°C, and they all yielded a product when used with the positive control templates. These control templates and 3C samples for each primer pair were performed during the same PCR run.
A positive 3C control targeted an "internal" cross-linking product between two BglII sites located 1.6 kb apart within the coding region of the CalR (calreticulin) gene (ϩ2.8 and ϩ4.4 kb relative to the CalR transcriptional start point) (31) (Fig. 1A) . (Fig. 1, A and B) .
PCR Assays-The PCR conditions used were very stringent in order to detect only specific signals. PCR cycles used were as follows: initial denaturing step for 2 min at 94°C followed by 36 repeats of a cycle with 30 s at 94°C, 15 s at 59°C, and 15 s at 72°C, followed by a final step of 1 min at 72°C. Thirty-six PCR cycles were sufficient to detect the specific PCR fragments generated after digestion and ligation that captured the rare molecular phenomenon occurring in the nucleus. Cross-linking among COX subunit gene loci in 3C samples was detected using semiquantitative PCR. Specifically, a pair of primers targeting two different COX subunit genes was used to amplify crosslinked DNA generated from 3C reactions. Each primer targeted a DNA region 100 -150 bp from the BglII site and generated 200 -300-bp amplicons. Primers were designed for all 10 nucleus-encoded COX genes, as shown in supplemental Table 1 . The linear range of amplification was determined for 3C samples by serial dilution, as described previously (28, 30 ). An appropriate amount (150 g) of 3C DNA within the linear range was added to each PCR. PCR product was run on 2% agarose gel stained with ethidium bromide. A large number of possible interactive pairs among 10 COX subunits (4i1, 5a, 5b, 6a1, 6b, 6c, 7a2,  7b, 7c , and 8a) were tested by PCRs targeting their possible cross-linked products ( Table 2 ). All PCRs were performed in triplicates.
RESULTS

Distribution of COX Subunit Genes among Mouse Chromosomes-Chromosomal distributions of 10 nucleus-encoded
COX subunit genes and mitochondrial transcription factors (Tfam, Tfb1m, and Tfb2m) in the mouse genome are summarized in Table 1 . The ubiquitously expressed COX subunit genes (4i1, 5a, 5b, 6a1, 6b, 6c, 7a2, 7b, 7c, and 8a) are dispersed throughout the mouse genome on different chromosomes (chromosomes 1, 5, 7, 8, 9, 13, 15, 19, and X), with the exception of COX5a and COX7a2, both of which are on chromosome 9 but are 22.23 Mb apart and do not form a gene cluster. COX5a is located on the 9 B locus, whereas COX7a2 is on the 9 E1 locus. All COX heart/skeletal muscle-specific isoforms (COX6a2, -7a1, and -8b) are located on chromosome 7. The COX6b testes isoform is also on chromosome 7. COX4i2, the lung isoform of COX4, is on chromosome 2. The present study focused only on the ubiquitous isoforms present in neurons.
Co-localization of Nucleus-encoded COX Subunit Genes-To make certain our ability to identify interactions between two non-contiguous DNA regions, a positive control PCR was achieved using primers targeting an "internal" cross-linkable product between two BglII sites located 1.6 kb apart within the coding region of the CalR gene (Fig. 1A) . CalR and COX6a1 are unrelated genes and would co-localize only at a background frequency. As Fig. 1A illustrates, the internal cross-linking within the CalR gene was detected by PCR of our 3C samples. In contrast, any chance cross-linking event between CalR and COX6a1 was not detected by our PCRs. PCRs were also performed to target for possible cross-linking product between the BglII site of another mitochondrial enzyme, Cs, and those of COX4i1, COX6a1, or COX8a, respectively. Again, no background cross-linking between citrate synthase and all three COX subunits was detectable in our PCR product (Fig. 1A) . In the absence of a cross-linking agent (formaldehyde) or T4 ligase, PCR products were not detected among CalR, COX4i1, COX8a, and Tfam genes (Fig. 1B) . Moreover, primers designed for regions beyond BglII sites for COX4i1 and COX8a did not yield any cross-linking interactions (Fig. 1B) . A large number of possible interactive pairs among the 10 COX subunits were tested by PCR. Initially, COX4i1 and COX8a were individually documented to form a cross-linking pair with each of the remaining nine subunits of COX genes ( Fig. 2 and Table 2 ). Each of the remaining eight COX subunit genes was then tested for, and their interactions were confirmed with a few other COX subunit genes ( Fig. 2 and Table 2) .
Thus, all possible interactions that were tested were consistently detectable by 3C in our PCR product.
3C Interactions between Mitochondrial Transcription Factors and Nucleus-encoded COX Subunit
Genes-Possible interactions between mitochondrial transcription factors A and B (Tfam, Tfb1m, and Tfb2m) derived from three different chromosomes and COX subunit genes were tested using PCR primers for Tfam, Tfb1m, Tfb2m, COX4i1, COX6a1, and COX8a (supplemental Table 1 ). ␤-Actin (Actb) served as a negative control, and PCR was performed, targeting possible crosslinking product between ␤-actin BglII site and COX4i1, COX6a1, and COX8a BglII sites, respectively. Any chance background cross-linking between ␤-actin and all three COX subunits was not detectable in our PCR product (Fig. 3) . On the other hand, cross-linked products between the three nucleus-encoded COX subunit genes and mitochondrial transcription factors were consistently detected in our 3C-reacted PCR samples (Fig. 3) . 
Effect of KCl Stimulation and TTX Inactivation on 3C Interactions in Primary Neurons
DISCUSSION
The present study documents for the first time that a multisubunit, multichromosomal bigenomic enzyme can be precisely regulated at the transcriptional level by having all relevant nucleus-encoded subunit genes and mitochondrial tran-FIGURE 2. 3C interactions among all 10 nucleus-encoded COX subunit genes. All possible interactive pairs among COX4i1, -5a, -5b, -6a1, -6b, -6c, -7a2, -7b, -7c, and -8a were tested by PCR targeting their cross-linking products. COX4i1 and COX8a consistently interacted with each of the remaining nine subunits of COX genes. Pairing of the remaining eight COX subunits with other randomly selected COX genes all yielded positive hybrid product (see also Table 2 ). All experiments were performed in triplicates.
TABLE 2 3C interactions among all 10 nucleus-encoded COX subunit genes
A plus sign indicates positive cross-linked product obtained by PCR between two interacting COX genes.
scription factors be simultaneously located at the same nuclear site, enabling them to be transcribed concurrently in the same presumed transcription factory in mammalian neurons (Fig. 5 ).
Chromosome conformation capture was devised to capitalize on the assumption that genes that are actively co-expressed are physically localized in a "transcription factory" that contains copies of active RNA polymerases, transcription factors, and associated chromatin undergoing transcription (32) . Physical interactions between chromatin within such a factory can be immobilized, extracted, digested with a restriction enzyme for common restriction sites, religated at very low DNA concentrations, reverse cross-linked, and subjected to PCR to yield a hybrid product encompassing nucleotides from the two interacting chromatin or genomic loci. As shown in the present study, such interactions are not random but are highly specific. Genes that do not share common functions did not interact, and even if their gene products target the same organelle (such as citrate synthase and COX), there was no evidence that their chromatin interacted either (Figs. 1 and 3) . The original 3C method was applied to the analysis of chromosomal conformation in yeast (29) , but the approach was found useful to reveal folding of complex gene loci and active chromatin hub in mammalian cells as well (23) (24) (25) . Thus far, however, 3C has uncovered interactions only between genomic loci of the same chromosome or at most of two different chromosomes (26 -28) , and no report has dealt with a multisubunit protein involving 11 chromosomes or 13 genomic loci, let alone a bigenomic enzyme.
What are the advantages of such precise transcriptional regulation of all 13 subunits from the two genomes for COX? First and foremost, COX is a vital enzyme, without which oxidative metabolism cannot be carried to completion and mitochondrial ATP cannot be generated (33, 34) . Dysfunction of this enzyme jeopardizes health, and absence of this enzyme is incompatible with life (35, 36) . COX is a housekeeping enzyme present in almost every eukaryotic cell (with a few exceptions, such as mature, short lived red blood cells lacking in both nuclei and mitochondria). In highly oxidative organs, such as the heart, kidney, liver, skeletal muscles, and especially the brain, COX is a workhorse that is constitutively active and is exquisitely regulated by the functional demands of the organ, such as the brain (33, 34, 37) . Functional COX holoenzyme is composed of the 13 subunits in a 1:1 stoichiometry (1, 38), hence the need to coordinate the transcription of all subunits. In neurons, all 13 subunit mRNAs of COX have been found to be coordinately up-regulated by depolarizing activity in vitro. With reduced or blockage of neuronal activity in vivo or in vitro, all 13 subunit transcripts were significantly down-regulated (4, 39) . The present study extends these findings with the 3C approach and documents that the occurrence of COX subunit genes in the same transcription factory is up-regulated by KCl stimulation and down-regulated by TTX.
To coordinate the transcriptional regulation of all 13 subunits from the two genomes, transcription factor candidates are needed. Both nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) proved to be viable candidates, since they each regulate the expressions of mitochondrial transcription factors A, B1, and B2 (15) (16) (17) (18) , which are responsible for the transcription and replication of mitochondrial DNA (16 -18) and hence the three mitochondria-encoded COX subunits, and each also regulates all 10 nucleus-encoded subunit genes of COX in neurons (9 -11) . An important coactivator of NRF-1 and NRF-2, known as PGC-1␣ (peroxisome proliferator-activated receptor ␥ coactivator 1␣) (19, 20, 40) , is also involved in the transcriptional regulation of COX in neurons (5, 22) . Thus, a transcription factory for COX gene expression is likely to include all of these factors, in addition to the necessary RNA polymerase II. Such a factory is expected to be in an active state most of the time for functionally active neurons. However, the relevant chromatin loops are likely to be migrating dynamically into and out of transcription factories throughout a 24-h period in response to the functional demands of the cells. As the present study documents, depolarizing stimulation or impulse blockade readily adjusts the frequency of such occurrence in the same transcription factory.
With our recent findings that NRF-1 co-regulates COX and subunits of glutamatergic NMDA and AMPA receptors (41, 42) , the possibility exists that under conditions of sustained glutamatergic neurotransmission, transcription of genes for both COX and the glutamate receptors has to be precisely coordinated to balance the supply and demand sides of energy for optimal neuronal functioning. Such molecular coupling may very well require a common transcription factory. Studies are under way to test this hypothesis.
